Objective: Differentiating pathologic and physiologic high-frequency oscillations (HFOs) is challenging. In patients with focal epilepsy, HFOs occur during the transitional periods between the up and down state of slow waves. The preferred phase angles of this form of phase-event amplitude coupling are bimodally distributed, and the ripples (80-150 Hz) that occur during the up-down transition more often occur in the seizure-onset zone (SOZ). We investigated if bimodal ripple coupling was also evident for faster sleep oscillations, and could identify the SOZ. Methods: Using an automated ripple detector, we identified ripple events in 40-60 min intracranial electroencephalography (iEEG) recordings from 23 patients with medically refractory mesial temporal lobe or neocortical epilepsy. The detector quantified epochs of sleep oscillations and computed instantaneous phase. We utilized a ripple phasor transform, ripple-triggered averaging, and circular statistics to investigate phase event-amplitude coupling. Results: We found that at some individual recording sites, ripple event amplitude was coupled with the sleep oscillatory phase and the preferred phase angles exhibited two distinct clusters (p < 0.05). The distribution of the pooled mean preferred phase angle, defined by combining the means from each cluster at each individual recording site, also exhibited two distinct clusters (p < 0.05). Based on the range of preferred phase angles defined by these two clusters, we partitioned each ripple event at each recording site into two groups: depth iEEG peak-trough and trough-peak. The mean ripple rates of the two groups in the SOZ and non-SOZ (NSOZ) were compared. We found that in the frontal (spindle, p = 0.009; theta, p = 0.006, slow, p = 0.004) and parietal lobe (theta, p = 0.007, delta, p = 0.002, slow, p = 0.001) the SOZ incidence rate for the ripples occurring during the trough-peak transition was significantly increased. Significance: Phase-event amplitude coupling between ripples and sleep oscillations may be useful to distinguish pathologic and physiologic events in patients with frontal and parietal SOZ.
Features of seizures can differ depending on sleep stages as well as the location of seizure onset. 1 Temporal lobe seizures occur more frequently during wakefulness, but frontal and parietal lobe seizures occur more frequently during early non-rapid eye movement (NREM) sleep. 2, 3 Accurate intracranial monitoring is often required when surgery is considered for patients with nocturnal seizures, especially those with the frontal lobe onset. 4 At least three cardinal oscillatory events of NREM sleep may contribute to the local and global neural changes that drive epileptogenesis: slow, spindle, and ripple oscillations. 5 Slow oscillations (~0.75 Hz) consisting of alternating phases of the hyperpolarized/down-and depolarized/up-state 6, 7 involve cortical 8 and thalamic networks. 9 Spindle-band oscillations (12) (13) (14) (15) (16) are generated by smaller local networks of thalamic and cortical neurons, and are often phase-locked to slow oscillations during slow-wave sleep. 10 Ripples, defined as brief bursts (~50-150 msec) of high-frequency (80-200 Hz) neurophysiologic activity, are highly synchronized local network events that occur concurrently with slow waves [11] [12] [13] [14] and sleep spindles. [13] [14] [15] In humans with neocortical epilepsy, ripple rates can be increased primarily in the seizure-onset zone (SOZ), but sometimes also in the non-SOZ (NSOZ). 16 Ripple events occur during both the transition between the down-up state, and the up-down state of slow waves. Thus ripple amplitude can be considered coupled with slow wave phase at two preferred phase angles. The ripples coupled to one preferred phase angle (i.e., down-up state) may be physiologic, and the ripples coupled to the other preferred phase angle (i.e., up-down state) may be pathologic (Fig. 1 ). In accord with this notion, the ripple events that occur during the up-down transition are generated more frequently in the SOZ. 5, 17 In addition, intracranial electroencephalography (iEEG) recordings from human hippocampus contralateral to the SOZ have demonstrated that ripple events that occur during the down-up transition are likely physiologic because they are nested in the trough of spindle oscillations, 13, 14 and may mediate memory consolidation. 18 In principle, a method that can distinguish putative pathologic from physiologic ripples should be able to distinguish two clusters of ripple events. One of these clusters should exhibit elevated rates selectively in epileptogenic regions, relative to the other cluster. This technique was used to distinguish putative physiologic and pathologic ripples coupled with slow waves. 5, 17 It is not yet clear if this method can be applied to ripples that occur superimposed on other sleep oscillations. To determine if coupling between ripple amplitude and the phase of delta, theta, and spindle sleep oscillations could help distinguish physiologic ripple events from pathologic ripple events, we (1) examined the relationship between the phase of the distinct oscillations composing core sleep architecture and the amplitude of ripple events, (2) defined two distinct populations of ripples based on the preferred phase angle of coupling, and (3) tested whether one of the populations had a higher incidence ratio in the SOZ (Fig. 1 ).
Methods

Patient selection
Recordings were selected from 18 patients with mesial temporal lobe, mesial temporal lobe and neocortical epilepsy (MTLE+), and neocortical focal epilepsy, who underwent intracranial monitoring with depth electrodes between 2014 and 2016 at University of California Los Angeles (UCLA), and five patients with neocortical epilepsy at Thomas Jefferson University (TJU) for localization of the SOZ. The study was approved by the UCLA and TJU institutional review boards, and patients gave written informed consent. Further information regarding inclusion criteria and neuroimaging studies and analysis is provided in Data S1.
Intracranial EEG recordings and segment selection
Clinical iEEG sleep recordings (0.016-600 Hz; 2,000 samples per second) were acquired from 7 to 16 contact depth electrodes using a Nihon-Kohden 256-channel JE-120 long-term monitoring system (Nihon-Kohden America, Foothill Ranch, CA, U.S.A.) at UCLA and from 7 to 10 contact depth electrodes using the same amplifier at TJU (0.016-400 Hz; 1,000 samples per second) (Data S1). For both UCLA and TJU iEEG data, a 40-90 min epoch of mixed-stage sleep was confirmed by video-EEG inspection revealing eyes closed, K-complexes, sleep spindles, epochs of high amplitude of slow and delta activity, and a paucity of muscle artifact. 19 
Key Points
• In patients with focal seizures, coupling between ripple amplitude and sleep oscillatory phase occurs at two clusters of phase angles
• The preferred phase angles of coupling are consistent across individual sites within neuroanatomic regions
• The preferred phase angles of coupling for ripples observed with the seizure-onset zone (SOZ) are distinct from the non-SOZ (NSOZ)
• Ripples that occur during the intracranial EEG troughpeak transition (or peak) of oscillations occur relatively more often in the SOZ
• For patients with frontal and parietal focal seizures, the preferred phase angle of ripple coupling with sleep oscillations can be informative to identify regions with epileptic activity Figure 1 . Illustration of the phase angles of oscillations coupled with ripple events during sleep. (A) Phasor derivation of a ripple event occurring at the peak of the oscillation and phasor distribution plot of two events. An individual phasor of the ripple event 1 (blue arrow) is derived from the instantaneous phase of the sinusoidal wave and the instantaneous amplitude in the ripple band (80-150 Hz) during the duration of the event (areas shaded in gray). The phasor distribution plot shows the two derived ripple phasors occurring at the peak of the sinusoidal wave. (B) Phasor derivation of a ripple event occurring at the trough of the oscillation and the corresponding phasor distribution plot for the two events. (C 1 ) Each phasor is derived from each ripple event occurring either at the peak (blue and light blue) or at the trough (red and pink) of a sinusoidal wave. (C 2 ) Each phasor is derived from each ripple event occurring during the peak-trough transition, that is, slow wave depth iEEG down-up (blue and light blue) or at the trough-peak transition, that is, slow wave depth iEEG up-down (red and pink) of a sinusoidal wave. (D) The study hypothesis illustrated by simulated ripple events occurring at different phase angles of oscillations in the SOZ and the non-SOZ (NSOZ). Epilepsia ILAE
Ripple detection and quantification
All iEEG recordings were imported from European Data Format (EDF) in to Matlab v2016b (Natick, MA, U.S.A.). Subsequent processing steps for those recordings from macroelectrodes deemed suitable from visual inspection using BESA v5 (Gr€ afelfing, Germany) were performed using custom software developed in Matlab. Muscle and electrode artifacts in iEEG recordings were reduced using a custom independent component analysis (ICA)-based algorithm. 20, 21 After applying this ICA-based method, ripples were detected in the referential montage iEEG recordings per contact by utilizing a Hilbert detector, 20 in which (1) applied a 1,000th order symmetric finite impulse response (FIR) band-pass filter (80-600 Hz), and (2) applied Hilbert transform to calculate the instantaneous amplitude of this time series according to the analytic signal z(t), described in Equation 1,
where a(t) is the instantaneous amplitude and /(t) is the instantaneous phase of z(t). Following the Hilbert transform, (3) the instantaneous ripple amplitude function (a(t)) was smoothed using moving window averaging, (4) the smoothed instantaneous ripple amplitude function was normalized using the mean and standard deviation of the time series, and (5) a threshold was used to detect the onset and offset of discrete/potential events (Data S1).
Classifying ripples on spikes and lower-frequency oscillations during sleep We used an established method to differentiate ripples on oscillations from ripples on spikes 20 (Data S1). Ripples on spikes can arise due to Gibb's phenomenon as a result of high-pass filtering sharp transients, such as an epileptiform spike. 22 To distinguish authentic/true ripple events that occur during spikes from spurious/false ripple events due to filter ringing, we developed a custom algorithm using a topographic analysis of time-frequency plots ( Waldman Z, Song I, Oroz I, Bragin A, Fried I, Engel Jr. J, Staba R, Sperling MR, Weiss SA, unpublished manuscript) (Data S1).
We categorized the ripple on oscillations into subtypes using a novel approach. We first applied an optimized Hamming-windowed FIR band-pass filter (eegfiltnew.m; EEGLAB, https://sccn.ucsd.edu/eeglab) to all the iEEG recordings with the following low-and high-pass cutoff values: slow (0.1-2 Hz), delta (2-4 Hz), theta (4-10 Hz), and spindle band (12) (13) (14) (15) (16) . We then calculated the instantaneous amplitude of the Hilbert transformed band-pass filtered signals (Eqn. 1). The instantaneous amplitude was normalized. For each distinct frequency band, we used different minimum amplitude and duration criteria to identify epochs in which oscillatory bursts appeared; this calibration was performed blinded to the results of the ripple analysis. The amplitude and duration thresholds for each oscillatory type were adjusted and optimized based on visual inspection of computer annotated iEEG recordings. After identifying the epochs of slow, delta, theta-band, and spindle-band bursts, the time stamps were used to classify the ripple on oscillation in a non-mutually exclusive manner. Following the categorization, we removed residual ripple on spike events that had simultaneously occurred during oscillations. The accuracy of ripple classification was verified using ripple triggered averaging 20 (Data S1).
Calculation of ripple phasors occurring during sleep oscillations
To examine and quantify phase amplitude coupling, we transformed each ripple event into a ripple phasor, as described in Equation 2,
where v is the vector strength of the phasor, theta its phase angle, and a(t) and /(t) are the respective instantaneous ripple amplitude and iEEG phase during the ripple across its duration [t.
.T] (Fig. 1 ). /(t) varied depending on whether the ripple was categorized as a ripple on slow wave, delta, theta, or spindle. For each band, we calculated a unique instantaneous phase time series /(t) using a Hilbert transform. Therefore, each ripple event superimposed on two or more, non-mutually exclusive oscillatory activities (e.g., slow and spindle band) resulted in a unique ripple phasor for each band.
Statistical analysis
Ripple phasor statistical methods
We developed a method to determine whether all the ripple phasors of a given type recorded from a single contact exhibited unimodal or bimodal clustering around preferred, that is, mean phase angle(s). The clusters were subsequently used to separate the ripple phasors into two distinct groups corresponding to those that occurred during the peak-trough and trough-peak transitions (Fig. S1 ).
High-frequency oscillation (HFO)-seizure-onset zone correlations
We used receiver-operating characteristic (ROC) curves (Data S1), and a generalized estimated equation (GEE) approach (Data S1) to determine if different ripple types during sleep occurred more frequently inside than outside the SOZ.
Results
Patient characteristics and sleep recordings
We selected depth electrode iEEG recordings from patients with focal-onset seizures. Nine patients had MTLE (seven unilateral, two bilateral), seven patients had mesial temporal and neocortical lobe epilepsy (MTLE+), and seven patients had neocortical epilepsy (NEO) ( Table S1) . Among the 14 patients with neocortical SOZs, 8 patients had SOZ sites located in the lateral temporal lobe, 5 patients had SOZ sites located in the frontal lobe, and 6 patients had SOZ sites located in the parietal lobe. We analyzed iEEG recordings ranging from between 7 and 17 depth electrodes with 7-16 contacts per patient (Table S1 ).
Ripple oscillations superimposed on lower-frequency oscillations during sleep
We detected a total of 207,175 interictal ripples, which occurred superimposed on either epileptiform spikes or normal sleep architecture (Fig. 2) . The proportion of ripple events in each category is shown in Table S2 . Visual inspection of these ripples revealed that the ripple events could occur during diverse phases of the oscillations composing normal sleep architecture (Fig. S2 ).
Association of ripple types with the seizure-onset zone (SOZ) by neuroanatomical regions
To determine whether certain ripple types were generated at higher rates in epileptogenic regions, we generated ROC curves measuring the classification accuracy of ripple rates for the SOZ (Fig. 3) . Overall, the rates of true ripples on spikes (area under the curve, AUC = 0.78) were superior to those of ripples on oscillations (AUC = 0.63 for ripples on spindle and theta; AUC = 0.65 for ripples on delta and slow) for identifying frontal neocortical epileptogenic regions (all adjusted p = 0.001). Mean rates of ripples on different oscillations were approximately equivalent with respect to localizing the SOZ. In a subset of patients with seizure-free outcomes following surgery, we also compared the classification accuracy of each ripple type for resected regions, likely encompassing both epileptogenic and healthy tissue, and found no obvious difference between the subtypes of ripples on oscillations (Fig. S3) . The remainder of the analysis focused solely on the subtypes of ripples on oscillations, and ripples on spikes (true and false) were excluded.
Coupling between oscillatory phase and ripple event amplitude during sleep
We utilized ripple phasors that relate the phase of each lower-frequency oscillation to the amplitude of each ripple event ( Fig. 4A,B; Fig. S4A,B) . As shown in Figure 4C , polar plots of the population of delta ripple phasors identified in a single, neocortical depth electrode during the entire recording epoch often demonstrated two clusters of ripple phasor angles (i.e., a bimodal distribution). A bimodal distribution of ripple phasor angles recorded from a single macroelectrode was not only observed in the case of delta A taxonomy of ripples on interictal spikes and oscillations during sleep. (A) A 2-min raw intracranial EEG (iEEG) recording illustrating distinct ripple types and ripple events on non-mutually exclusive oscillations during sleep. (B) Examples of unfiltered raw iEEG (top trace), expanded raw iEEG (middle trace, pink), and filtered ripples (80-150 Hz; bottom trace) of true ripples on spikes, false ripples on spikes, that is, sharply contoured spikes that result in ripple frequency filter ringing, ripples on spindle (12-16 Hz), ripples on theta (4-10 Hz), ripples on delta (2-4 Hz), and ripples on slow band activity (0.1-2 Hz). Ripple events are denoted by asterisks (*) and interictal spikes are denoted by obelisks ( †). Epilepsia ILAE ripple phasors, but also for slow, theta, and spindle ripple phasors (Table S2 ; Fig. S4 ).
We next asked whether the preferred phase angle(s) of ripple coupling were consistent across multiple recording sites confined to an anatomic region ( Fig. S1 ; Table S3 ). When we pooled all the mean phase angles across all the recording sites confined within each anatomic region, we found that the distribution of these mean phase angles was also bimodal (i.e., two distinct clusters). As shown in Figures 4D and S5, normalized polar plots of the mean phase angles showed that most ripple events occur during either the peak-trough or the trough-peak transition of slow, delta, theta, and spindle band activity (Kuiper's V-test, p < 0.05; Table S4 ). In the cases that the mean preferred phase angles occurred around the trough of an oscillation, these ripple events were labeled as the "peak-trough transition," whereas if the preferred phase angles occurred during the peak of an oscillation, the events were labeled as the "trough-peak transition" (Table S5) . Notably, the frequency of ripples occurring at a peak or trough and those during the transition periods differed depending on neuroanatomic locations and sleep oscillatory types.
We next asked if ripple-triggered averaging (RTA) would also demonstrate bimodal phase-amplitude coupling like that in the ripple phasor analysis. The RTA results revealed that the modulating signal for ripples coupled to the peaktrough and trough-peak was significant and recapitulated the unique spectral feature of slow, delta, theta, and spindle band activity, which nested the ripple events ( Fig. 5;  Fig. S6 ). The modulating signal for ripples occurring during the peak-trough transition of theta and spindle band activity exhibited a morphology superimposed by a slow wave, which may correspond to the "down-up transition," as described in the previous literature 24 (Fig. S7) . In contrast, the modulating signal for the ripples occurring during the trough-peak transition of theta and spindle failed to exhibit a superimposed slow wave, which may correspond to the "up-down transition." However, the reversed polarity of the depth iEEG and scalp potentials was available from only limited neuroanatomic regions in few patients. Thus whether the depth iEEG polarity reflects the up and down state of a slow wave from the reference point of scalp recordings, is inconclusive.
Distinct couplings between sleep oscillatory phase and ripple event amplitude in and outside the SOZ We asked if the preferred phase angle of coupling between oscillatory phase and ripple event amplitude during sleep differed in the SOZ as compared with the NSOZ. In the absence of an a priori assumption regarding the distribution of ripple phasor angles, we still observed differences between phaseevent amplitude coupling in the SOZ and NSOZ. In the parietal lobe (Fig. 6A) , there was a statistically significant difference in the distribution of ripple phasor angles detected in the SOZ as compared with the NSOZ for all oscillatory types coupled with ripple events. The distinction was strongest for ripples on delta (k = 1.71E+06, p = 0.001). We also observed statistical differences for other ripple types in other neuroanatomic locations (Fig. S8) . Although the Kuiper's tests do not specify which properties of two raw circular data differ from one another, our finding as shown in Figure 6B ,C suggests that the mean location of the preferred phase angles of ripple-slower oscillation coupling differ significantly in the SOZ relative to the NSOZ.
When it was assumed that ripple event amplitude could be coupled with oscillatory phase around two preferred phase angles (i.e., two clusters), the relationship between the preferred phase of ripple coupling and the location of the SOZ could be better quantified (Fig. 6B,C) . The incidence ratio of ripples occurring during the peak-trough transition of slow oscillations was not significant in the parietal lobe (p = 0.494), or did not reach significance in the frontal lobe, after correction for multiple comparisons (p = 0.024). However, the incidence ratio of ripples occurring during the trough-peak transition of slow oscillations was significant in both the parietal (p = 0.001) and frontal lobe SOZ Normalized rose (i.e., circular) histograms of the mean preferred phase angle across all patients and electrodes in parietal (top), frontal (middle), and lateral temporal regions (bottom). Blue denotes the phase distribution for ripple events occurring during the depth iEEG peak-trough transition (or at the trough), and red denotes those occurring during the trough-peak transition (or at the peak). Epilepsia ILAE (p = 0.004). The effect size was larger in the parietal lobe as compared with the frontal lobe. We observed a similar distinction for ripples occurring during the peak-trough and trough-peak transition of delta and theta band activity in the parietal lobe. In the frontal lobe, the incidence ratio of ripples occurring during the peak-trough (p = 0.002) and trough-peak transition (p = 0.019) were both significant, but for theta (p = 0.006) and spindle (p = 0.009) ripples only the incidence ratio of ripples occurring during the trough-peak transition was significant. In frontal and parietal lobe SOZ, the increased incidence ratio of ripples occurring during the trough-peak transition of oscillations was observed from most patients, and also in the resected region for two patients with neocortical epilepsy, who were seizure free following surgery (Fig. S9 ). Neither cluster of ripple phasors was increased in rates selectively for the SOZ located within the lateral temporal lobe (all p > 0.09), whereas both clusters of ripple phasors were increased in rates in the mesial temporal SOZ relative to NSOZ (all p < 0.005).
We also asked if contacts in SOZ sites more often exhibited a bimodal distribution (i.e., two clusters) of preferred ripple phasor angles, as compared with contacts in NSOZ sites. We found that in the parietal lobe, and to a lesser extent the frontal lobe, a greater proportion of recording sites in the SOZ exhibited a bimodal as opposed to a unimodal distribution (i.e., one cluster) of ripple phasor angles (Table S6 ).
Discussion
We report that in single macroelectrode recording sites in patients with medically refractory focal epilepsy, coupling between oscillatory phase and ripple event amplitude could occur at either one or two distinct preferred phase angles for slow, delta, theta, and spindle band activity. Across multiple recording sites, confined within each lobe (i.e., frontal, parietal, lateral temporal, and mesial temporal), the mean phase angles of coupling were relatively consistent and exhibited bimodality (i.e., two clusters). Using these two clusters of ripple phasors to distinguish the ripple events occurring at distinct phases of slower sleep oscillations, we found that the SOZ incidence ratio for ripples occurring during the Bimodal phase-event amplitude coupling of ripples and sleep oscillations by ripple-triggered averaging in a patient with neocortical seizure onset. The ripple-triggered average of all ripple phasors occurring during the depth iEEG peak-trough transition (or at the trough) and the trough-peak transition (or at the peak) of sleep oscillations from a patient with the parietal lobe SOZ demonstrates that ripple event amplitude is modulated by a signal that recapitulates the underlying spectral features of the ripple taxonomy. The resulting ripple-triggered averaged waveform (modulating signal, white trace) had a peak-to-peak amplitude corresponding to the strength of coupling and a phase at time 0.5 s, corresponding to the preferred phase of coupling. The superimposed normalized averaged time-frequency representation of the aligned unfiltered ripple events was calculated by wavelet convolution. The modulating signal for ripples occurring during the peak-trough transition (or at the trough) of spindles and theta band activity exhibited a superimposed down-up transition of a slow wave. The modulating signals also exhibited sharp transients coinciding with the ripple event, and the modulating signal for trough-peak ripples on theta and spindles failed to exhibit clear oscillatory components. The number of 1 s iEEG traces used to derive the ripple-triggered averaging is denoted as "n" at the left top corner of each image. Epilepsia ILAE Epilepsia, 58 (11) Table S1 ) and the rates (events/ min) of ripples on delta occurring during the depth iEEG peak-trough transition (top) and the trough-peak transition (bottom) from a patient with parietal seizure onset. (C) Incidence ratio of ripples occurring during the depth iEEG peak-trough transition (or at the trough) and the trough-peak transition (or at the peak) of slow, delta, theta, and spindle band activity in the SOZ relative to the NSOZ in the parietal, frontal, lateral temporal, and mesial-temporal structures. Epilepsia ILAE trough-peak transition of oscillations was selectively elevated in the frontal and parietal lobes.
Differences between ripple types and subtypes
True and false ripple on spike rates trended toward providing superior classification accuracy compared to ripple on oscillation rates across neuroanatomic regions. False ripple on spikes result from ripple-frequency filter ringing from sharply contoured interictal discharges. Thus false ripples on spikes are not generated by all epileptiform discharges, and may reflect only the discharges produced by action potentials, that is, synchronized population spikes. 25 The inferiority of ripples on oscillations suggests that at least a portion of these events may be physiologic as opposed to pathologic, 5 thus necessitating further analysis to provide better classification accuracy.
Sleep oscillatory phase and ripple event amplitude are coupled at one or two distinct phase angles
We observed that ripples occurred primarily during either the peak-trough or trough-peak transition of slower oscillations, and near the peak or trough of faster oscillations. These ripple events occurred most frequently during one of the transitions at certain recording sites, whereas at other recording sites a substantial proportion of ripples occurred during both transitions.
Under a variety of experimental conditions during wakefulness the phase of a slower frequency can be coupled with the amplitude of a faster frequency at a single preferred phase angle. This form of coupling mediates active perception and cognition by potentially binding together anatomically dispersed functional cell assemblies. 26 The phase-event amplitude coupling between ripples and sleep oscillations seen in patients with focal seizures is unique because it can occur at two preferred phase angles.
In patients with focal seizures, ripples occur on slow waves during the transition from the down-up and up-down states. 5, 17 We replicated these results, but since we measured the slow wave using depth iEEG we found that putative pathologic ripples in the cortex occurred during the trough-peak transition (Fig. S6) . In the mesial temporal lobe, the phase relationship between potentials recorded from depth electrodes and the scalp may be more complex. 11 The mechanisms that generate ripples during the downup transition are likely distinct from those that generate ripples during the up-down transition. The down-up transition is mediated by the synchronous summation of miniature excitatory postsynaptic potentials (EPSPs) promoted by the involvement of an active inhibitory circuit of cortical interneurons. 7 The up-down transition is mediated primarily by inhibitory interneurons that act to synchronously hyperpolarize relatively large neuronal networks and disfacilitation. 23 During sleep, in healthy primates, hippocampal ripples occur mostly during the down-up transition phase of the hippocampal delta oscillation. 27 Mechanisms that generate delta oscillations may be distinct from slow oscillations, 6 but the differences have yet to be clearly defined. We observed that in patients with epilepsy that ripple amplitude could be coupled to the delta phase at two preferred phase angles.
Theta-ripple coupling during sleep has been reported in the literature of both REM and NREM sleep. Theta oscillations are considered to be volume-conducted from the mesial temporal regions during wakefulness 28 and REM sleep. 29, 30 Because our customized algorithm allowed for different frequency bursts of oscillations to be identified during a single ripple event, we found that most ripple events classified as those superimposed on theta frequency activity (4-10 Hz) were also classified as those superimposed on spindle frequency activity (12) (13) (14) (15) (16) . Therefore, theta-band activity coupled with ripples observed in our present study may reflect the spectral properties of slow spindles (9-12 Hz). 31 Coupling between ripple events and spindle activity at a preferred phase angle of the trough was observed from juxtacellular recordings of healthy rodent neocortex (layer II/ III), which may mediate the information transfer via hippocampal-cortical and intracortical communications. 15 In patients with epilepsy, we observed that ripple amplitude was coupled not only to the trough, but to the peak of spindle band oscillations.
Nested oscillations during sleep modulate ripple amplitude during a slow wave down-up transition
In wide-bandwidth iEEG recordings, we found that ripple events often occurred on oscillatory bursts with diverse frequency content. By allowing each ripple event to be classified into non-mutually exclusive oscillation types, we could evaluate the relationship between co-occurring or nested oscillatory events using the ripple-triggered averaging method. The modulating signals from this approach revealed that the ripple events that reached maximum amplitude during the peak-trough transition (or trough) of theta-and spindle-band oscillations were also modulated by the phase of slow oscillations ( Fig. 5; Fig. S6 ). Based on limited evidence of the reversed polarity of depth iEEG and scalp potentials (Fig. S7) , our results suggest that the preferred phase angle of a slow wave coupled with faster oscillations and ripple events may correspond to its down-up transition. The relationship between the polarity of iEEG and scalp EEG recordings are likely more complex, and future work is required to relate local slow wave to global slow wave activity. This hierarchy of nested oscillations consisting of ripple band, spindle band, and slow oscillations was seen in both neocortical and mesial-temporal recording sites. In contrast, the modulating signal of ripples occurring during the trough-peak transition (or peak) of theta and spindle-band activity did not exhibit coupling to the trough-peak transition of a superimposed slow wave. A similar hierarchy of nested oscillations occurring during the down-up transition was identified in previous iEEG studies from human hippocampus. 13, 14 Preferred phase angles of ripples coupled with sleep oscillations may be distinct in the frontal and parietal SOZ In all brain regions, including nonepileptogenic sites, we observed bimodal phase-amplitude coupling at a group level. However, in epileptogenic sites in the frontal and parietal lobe, bimodal phase-amplitude coupling was present more often in single contacts of the SOZ. In accord with prior published work, 5,17 the rates of ripples occurring at the trough-peak transition of slow waves (i.e., up-down transition) were increased in macroelectrodes located in the frontal and parietal lobe SOZ, relative to electrodes located in the frontal and parietal NSOZ. In contrast, the rates of ripples occurring at the peak-trough (i.e., down-up) transition were not increased in these same SOZs. Therefore, the preferred phase angle of coupling between ripples and slow waves can help distinguish putative pathologic from physiologic events in the frontal or parietal lobe.
The mechanisms that increase coupling between ripples and slow oscillations at the preferred phase angle of the trough-peak transition in the frontal and parietal SOZ remain unclear. Global sleep slow waves occur first in the frontal lobe and propagate quickly to the parietal lobe, but with a longer latency to lateral and mesial temporal regions. 10 Larger slow waves could drive pathologic ripples and seizures in patients with frontal and parietal lobe focal epilepsy that have nocturnal seizures. 2 Paroxysmal activity may occur selectively during the trough-peak (up-down) transition due to disfacilitation 23, 32, 33 and synaptic inhibition promoting excitation in a paradoxical fashion. [34] [35] [36] The hitherto unresolved relationship between delta, theta, and spindle-band phase, ripple amplitude, and the location of the SOZ suggests that mechanistic differences driven by the peak-trough and trough-peak transitions of these oscillations can also drive the generation of putative physiologic and pathologic ripples, respectively. For patients with a parietal lobe SOZ, ripples coupled with the trough-peak transition of delta and theta waves were generated primarily in epileptogenic regions. For patients with a frontal lobe SOZ, ripples coupled with the trough-peak (or peak) of theta and spindle-band oscillations were generated primarily in epileptogenic regions. Prior studies have suggested that ripples occurring at the trough of spindle oscillations are predominantly physiologic.
13,14
Study limitations
One limitation of our study is that, due to lack of electromyography/electrooculography (EMG/EOG) availability, we could not stage early/late NREM and REM sleep. By classifying sleep architecture using an amplitude-based criteria, we could recognize epochs of high amplitude slow and delta activity that can stage sleep even in the absence of EMG/EOG. 19 It is also premature to conclude that ripple events that are coupled to phase angles distributed within the peak-trough transition of slower oscillations are physiologic, 18, 37, 38 whereas those distributed within the trough-peak transition are pathologic. Moreover, SOZ incidence ratios of ripple coupling at both phase angles of slower oscillations were increased in mesial temporal recording sites. Future studies should utilize behavioral paradigms and postoperative seizure outcome data to better differentiate physiologic and pathologic ripples.
Conclusions
We found that putative physiologic and pathologic ripples could be distinguished during sleep in the frontal and parietal lobes on the basis of the preferred angle of coupling between slow, delta, theta, and spindle-band oscillatory phase and ripple amplitude. Utilizing the two distinct preferred phase angles of coupling during sleep may help delineate the epileptic network activity for patients with frontal and parietal lobe focal seizures.
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